Abstract Portable sleep apnea monitoring or home testing for sleep-disordered breathing focuses on recent developments of these powerful diagnostic tools. Evidence-based reviews and innovative single studies with specific systems are considered. Systems become less intrusive and self applicable. Electrocardiogram-derived respiration, photoplethysmogram analysis, midsagittal jaw movements, and respiratory sound analysis are reviewed. Categories of systems with 4 to 6 channels and 1 to 3 channels are introduced and presented. The importance of a high pretest probability is elucidated. Open research questions regarding these systems are mentioned. Technological issues are not most important in this debate. The health economic aspects in using portable sleep apnea monitoring have to be considered as well. Portable monitoring of sleep apnea is probably less expensive than cardiorespiratory polysomnography and can help to overcome the limited availability of sleep lab-based diagnostic places. But by increasing the quantity of investigations it may cause additional costs too.
Introduction
Sleep-related breathing disorders are recognized as having a high prevalence and causing remarkable cardiovascular risk. In order to diagnose disordered breathing during sleep a reliable diagnosis is required. The steps toward a reliable diagnosis are first a detailed sleep medicine interview, supported by a number of validated questionnaires for sleepiness, snoring, and witnessed breathing pauses, second a clinical investigation assessing BMI, blood pressure, and waist-hip circumference ratio, third portable sleep apnea monitoring, and only at the fourth and last step an attended cardiorespiratory polysomnography which is performed in a sleep laboratory or sleep center. Attended cardiorespiratory polysomnography is the reference standard for many sleep disorders where manifestations of events can be observed during the night. Cardiorespiratory polysomnography requires the recording of several physiological signals during a night under standardized conditions with the attendance of trained sleep medicine personnel. The completed recording is scored by a trained sleep technician and the summarizing report is validated by a sleep physician thereafter. This validated and approved approach is a time and resource consuming process.
In view of the high number of patients with sleep disorders there are too few sleep laboratory beds available to investigate all patients with a high likelihood to suffer from sleep apnea. Therefore strategies are developed to determine who should undergo a polysomnography and who not. Patients with a high pretest probability to suffer from sleep apnea need only portable monitoring to diagnose the disorder. Only if other comorbid disorders are present or if the results obtained by portable monitoring are not well interpretable then a cardiorespiratory polysomnography for clarification is indicated. Portable monitoring is becoming the method of choice for the primary assessment of sleepdisordered breathing [1•] .
Based on the diagnosis in the sleep center the appropriate treatment can be initiated. Usually the treatment is a chronic treatment due to the chronic nature of most sleep disorders. For sleep-disordered breathing the therapy of choice is home ventilation with nasal continuous positive airway pressure (CPAP). The nocturnal ventilation support is rather a physical aid than a causative cure. The effectiveness of the chronic therapy should be monitored over time at least once per year. Again diagnostic strategies are needed for this kind of treatment follow-up studies. The requirements for this kind of investigation are different from the initial diagnosis, because the disorder had been characterized already. So there is no need to check for other sleep disorders as long as no additional complaints are mentioned. The main purpose of the follow-up study is to track whether the initiated therapy is still effective. The titrated pressure may need adjustment. Changes in the type of sleep-disordered breathing may occur. There may be an increase of the percentage of central apnea events among the total number of apnea events. This may require a change of treatment modalities. Therefore, the treatment follow-up studies should include monitoring of respiratory parameters over the night and should be reviewed carefully. Portable monitoring is most appropriate for this kind of follow-up studies.
Cardiorespiratory polysomnography as the diagnostic reference
The basic tool and the reference method for sleep medicine diagnosis in the sleep laboratory is attended cardiorespiratory polysomnography. Cardiorespiratory polysomnography records physiological signals to quantify sleep and sleep disorders to achieve a diagnosis according to the International classification of sleep disorders revision 2 [2] . The basic rules were defined in a manual for the recording and evaluation of sleep [3] . This manual specifies the recording and evaluation of the electroencephalogram (EEG), the electrooculogram (EOG), and the submental electromyogram (EMG). A few years ago the manual had been expanded and revised to include the recording of respiration, cardio-circulatory functions, and movement parameters. Age-specific aspects such as pediatric sleep EEG and respiration in children were included in this revision too [4] . The new manual is based on a systematic literature review and a evidence evaluation [5] [6] [7] [8] .
Despite this new manual is now regarded as the reference standard for cardiorespiratory polysomnography the limitations of this approach should be considered when evaluating portable sleep studies which in general compare their results against this reference. Limitations apply to the final conclusion, the diagnosis of sleep-related breathing disorders [9] . We still do not know the value of an epoch-byepoch sleep staging using polysomnography in sleep apnea when predicting mortality or determining the cardiovascular risk in these patients. In addition, any threshold on a number of sleep apnea events expressed as an apnea-hypopnea index (AHI) is arbitrary and gives little insight into pathophysiology and the consecutive cardiovascular risk. The scoring of apnea and hypopnea events using alternative definitions results in different diagnoses [10] and a comparison of clinical relevance of these different diagnoses is missing. We do not fully understand the contributions of sleep fragmentation, arousals, intermittent hypoxia, and intrathoracic pressure changes to the pathophysiology and the subsequent cardiovascular risk associated with sleep-disordered breathing. We do understand that statistics for mortality and for health care economics do need thresholds in order to say that a disorder is present of absent. Still when judging about portable monitoring for the diagnosis of sleep-disordered breathing the uncertainty regarding the AHI as a measure of the ultimate accuracy and quality of the particular monitoring device must be kept in mind. Sometimes even simpler ways to identify patients with sleep-disordered breathing are feasible and not too bad in terms of clinical significance [11] .
Portable sleep apnea monitoring
Portable monitoring of sleep-disordered breathing stands on the basis of cardiorespiratory polysomnography. The knowledge and the technology as well as recording and scoring criteria are derived from the above-described cardiorespiratory polysomnography. Multiple studies on individual systems and a considerable number of evidence-based reviews give evidence that ambulatory sleep recording devoted to sleep apnea is as specific and as reliable as sleep laboratory recordings [12] [13] [14] . Finally there are enough studies available to give evidence that portable monitoring of sleepdisordered breathing can be used when limitations are considered. Very recently a workshop consensus report presents the current view of medical societies involved (American Thoracic Society, American Academy of Sleep Medicine, American College of Chest Physicians, European Respiratory Society) with this diagnostic procedure and provides directions for further research [15••] .
When discussing the technologies and recommendations of the studies, respectively the systems used, it has to be considered as a prerequisite that all systematic studies have been conducted on clinical populations [16, 17] . Clinical populations are different to the general population because they have been sent to the sleep center due to suspected sleep disorders. This selection is termed as a high pretest probability [12, 18] . In order to understand a high pretest probability better, the complaints leading to this pretest probability are given here. The complaints are reported by the patient under consideration and can be supplemented by his or her bed partner.
1) Loud and irregular snoring
2) Observed or reported nocturnal cessation of breathing 3) Excessive daytime sleepiness 4) Unspecific mental problems such as fatigue, low performance, cognitive impairment 5) Movements during sleep 6) Morning dizziness, general headache, dry mouth 7) Impaired sexual functions 8) Obesity 9) Arterial hypertension, cardiac arrhythmias A grading of the pretest probability would be very useful in order to quantify who might be more likely to suffer from sleep apnea or even from a more severe sleep apnea. This has not been investigated in clinical practice [19] .
A Pubmed research on December 31, 2011 with the term "portable sleep monitoring" resulted in 360 references with 44 from the year 2011. A Pubmed search on "sleep apnea testing" resulted even in 640 references with 66 from the year 2011. A few publications present new devices and comparative studies of the new devices with polysomnography. A few papers present reviews on existing devices. The majority of papers discuss the role of portable sleep apnea monitoring in the diagnostic process of sleep apnea diagnosis. Some of the papers discuss the management of patients with sleep apnea in general and others focus on portable monitoring. As a result, the next paragraphs will give first a short technical overview on current and new systems. Then the role of portable sleep apnea monitoring is discussed considering the requirements and concerns mentioned above.
Ambulatory recording of sleep-disordered breathing with 4 to 6 channels
Systems for the diagnosis of sleep-disordered breathing are divided into four categories defined in a standard of practice publication [20] . Most systems used for the diagnosis of sleep-disordered breathing record four to six physiological signals without sleep EEG. Evidence-based reviews committed by the health technology assessment agencies about these systems [14] revealed a limited reliability. The review reported up to 17% false-negative and between 2% and 31% false-positive findings of sleep apnea. These high error rates compared to polysomnography are not acceptable and Ross et al. [14] concluded that portable monitoring of sleep apnea is not recommended. A few years later studies with revised systems showed that the limited channel systems improved [16, 21] . If systems use a thoughtful selection of physiological signals to be recorded, if they have a very good signal acquisition and a very good signal processing part then the number of false-positive diagnoses is reduced considerably [12] . If studies which are more dedicated to the general population are compared with studies with clinical populations, then the importance of a high pretest probability becomes clear. A high pretest probability reduces the number of false-positive diagnoses again. Altogether the specificity gets high enough to conclude that portable monitoring of sleep apnea can be recommended under certain conditions. The conditions are: 1) Systems should be only used by certified sleep physicians based in certified sleep centers. The sleep medicine education comprises the teaching of a comprehensive sleep medicine interview and assessment of complaints before an ambulatory recording is performed. This increases the pretest probability explained above. 2) Ambulatory monitoring of obstructive sleep apnea can be recommended if no other comorbid pulmonary, cardiovascular, mental, neurological, and neuromuscular disorders, or heart failure, or other sleep disorders is present. Other sleep disorders could be central sleep apnea, PLMD, insomnia, circadian sleep wake disorders, and narcolepsy. 3) According to published studies the ambulatory monitoring systems are not able to distinguish central and obstructive sleep apnea events. 4) Ambulatory systems for the diagnosis of sleep apnea need to record oronasal airflow by means of thermistor or nasal pressure sensors, respiratory effort by means of inductive plethysmography, oxygen saturation (with a short averaging period over few pulses, meaning three to six pulses), pulse or heart rate and body position.
5)
The evaluation of the recordings should be a visual scoring of respiratory events and the rules should be the same as specified for polysomnography [4] . Editing of events is necessary in order to remove artifacts found during the recording period. Therefore the visual scoring should be done by trained personnel. 6) The technical specifications and sampling rates for the digital recording should be the same as specified in the evidence-based recommendation for cardiorespiratory polysomnography [4] .
Today many different devices fulfill these requirement. They all have a pulse oximeter to record oxygen saturation and pulse rate. Most systems record oronasal airflow with nasal pressure. Some systems still use thermistors for flow recording. Most systems record respiratory effort by either piezo sensors or inductive plethysmography. Some systems use just one belt for ribcage movements whereas others used two belts with abdominal movements recording in addition. All systems record body position. Few systems record ECG and ECG-derived heart rate. Most systems offer options to record pressure at a mask used for ventilation therapy. This is an essential feature in order to use the ambulatory device for treatment follow-up studies, as mentioned earlier. Some systems allow to record additional EMG tibialis to diagnose leg movements. But there have been no systematic studies on this kind of option. It remains an open question whether this portable monitoring is a sufficient diagnosis of PLMD. Few systems can add EEG channels to record sleep EEG. No systematic studies were performed to evaluate this option and the added value of a validated sleep duration. Many of the systems had been validated with their basic signal setup together with their scoring and analysis software. As a general conclusion for these studies all systems show good performance with some minor differences. No general preference to one or another system can be given based on the studies.
Ambulatory recording of sleep-disordered breathing with 1 to 3 signals
Systematic reviews for the diagnosis of sleep-disordered breathing have revealed that systems with 1 to 3 channels (pulse oximetry, long-term ECG, actigraphy, oronasal airflow) result in too many false-negative (up to 17%) and too many false-positive (up to 31%) findings [14] . This result remained valid in the recent review by Collop et al. [12] . Therefore the application of these devices is not recommended for a definite diagnostic test for obstructive sleep apnea or to exclude the presence of obstructive sleep apnea.
However, some of these devices provide results in patients with severe sleep apnea that are valid and give clear hints for sleep-disordered breathing. Therefore recording of high quality achieved with validated systems of this category can be used to increase the pretest probability considerably before conducting a cardiorespiratory polysomnography or even before having a portable sleep apnea monitoring test.
Most technical innovations are currently made in this category of devices. It is challenging and rewarding to develop 1 to 3 channel devices which perform well and allow to diagnose sleep-disordered breathing in new patient groups and provide tools for the diagnosis of sleep apnea to physicians with little knowledge about sleep medicine. We believe that before therapy is initiated a physician with a profound knowledge about sleep-disordered breathing and with the different treatment options should review the case
The following paragraphs will focus on new technologies applicable both for 1 to 3 channel and for 4 to 6 channel diagnostic devices.
New methods for portable sleep apnea monitoring
Different approaches are explored to develop new technologies for the diagnosis of obstructive sleep apnea. Some of these just try to develop new sensors in order to assess respiration and disturbed respiration during the night, others try to assess the cardiovascular risk of the patient or sleep with the pathology of sleep fragmentation.
Assessment of respiration
A couple of different new sensors use surrogate signals in order to derive respiratory effort noninvasively. Some of these devices try to derive respiration from some kind of directly respiration-related signals. These systems and concepts are highlighted in this section.
A first-line approach is the recording of respiratory airflow at the nose and the mouth. Usually this is used together with oxygen saturation. These simple screening devices provide a straight analysis for respiratory cessations. They even try to distinguish obstructive and central respiratory events by an analysis of flow limitation. Due to problems with obstructed nostrils, with partial breathing through the mouth, through blocked air tubes and other kinds of artifacts, the validity of this analysis and in general these systems is limited. Nevertheless there are good validation studies available [22, 23] .
One approach tries to analyze respiratory sounds in order to derive noninvasive measures for increased respiratory effort from the chest [24] . In other systems respiratory sounds are recorded at the throat and signal processing separates cardiac and movement sound first from breathing sounds and snoring. Together with oximetry breathing is quantified and snoring is investigated to detect respiratory cessations [25, 26] .
One other approach is the recording of midsagittal jaw movements based on magnetic distance determination [27] . A magnetic sensor on the chin and one on the forehead allow to determine continuously the relative jaw movements. From this it is possible to derive respiration and snoring. The analysis of respiration and snoring is then used to detect respiratory events to diagnose sleep apnea [28] . By further analysis it seems possible to estimated a sleep wakefulness profile [29, 30] . Combined with pulse oximetry and perhaps a cardiovascular parameter this is a simple and promising device.
Pulse wave analysis
Many systems try to exploit the pulse wave on the finger or other peripheral sites and try to derive parameters from the pulse wave in order to assess cardiovascular risk. The pressure wave may be detected with the photoplethysmography used for oxygen saturation anyhow and can be used to detect all forms of respiratory events [31] and cardiovascular risk as associated with sleep apnea [32, 33] .
Peripheral arterial tonometry [34] can be used to assess the cardiovascular risk by addressing endothelial function during sleep-disordered breathing. Arousals which accompany sleep apnea events are accompanied by attenuated pulse amplitude. This is due to a peripheral vasoconstriction caused by sympathetic tone activation. If pulse rate is analyzed in addition it is possible to distinguish slow wave sleep and REM sleep [35] . Several validation studies were published using the Watch-PAT in sleep apnea patients with very good results [33, 36, 37] .
Assessment of ECG and heart rate variables ECG-derived variables are very attractive for a simple detection of sleep apnea due to low costs and wide availability. In order to detect sleep apnea using the ECG no additional electrodes nor additional devices would be needed. Only an additional evaluation software could do the analysis. This could be retrospectively using previous recorded data.
The analysis of the ECG for the detection of sleep-related breathing disorders can be based on the analysis of heart rate. Sleep apnea is accompanied by a cyclical variation of heart rate, described already many years ago [38] . Periodic changes in heart rate are related to the changes in sympathetic tone with apnea events [39] . Modern analysis of heart rate variability can satisfactorily derive cyclical variations of heart rate [40, 41] . In addition the morphology of the ECG wave itself is modulated by respiration. The derived respiratory curve is called ECG-derived respiration [42] and correlates with respiratory effort. This can be used to detect sleep-disordered breathing [31, 43] . By combining ECGderived respiration and sleep apnea related heart rate variability a detection of sleep apnea is possible [44•] .
Assessment of ECG and oximetry
A number of devices which use the ECG analysis techniques mentioned above try to link this to previous techniques. Already early in the portable diagnosis of sleep apnea pulse oximetry had been used. Pulse oximetry alone has large limitations in patients with arrhythmias or with additional lung diseases such as COPD. Combining ECG-based sleep apnea analysis and oximetry is therefore a very promising approach [45] . An early study of pulse rate in addition to oximetry [46] successfully improves the detection of sleep apnea. One retrospective study did show the advantage over pulse oximetry alone when using ECG analysis in addition [47] . In this study ECG from a parallel polysomnography was analyzed. Based on these results a combined long-term ECG recording system with oximetry was tested in a prospective study and provided very convincing results in terms of sleep apnea detection [45] .
The role of portable sleep apnea monitoring
Many new studies do show the high reliability in detecting sleep apnea with portable monitoring devices [23] . Many of the open research questions which are needed to clarify the conditions and restrictions for the use of portable monitoring are now addressed in the recent studies [12, 15••] . The important conditions are no longer technical limitations but often study limitations such as a preselected group of patients. This corresponds to the high pretest probability. And this prohibits the use of portable monitoring as a screening tool for subjects where we would like to exclude sleep apneas such as professional drivers of people with supervision tasks.
We do see that diagnostic approaches and therapy approaches differ much between countries worldwide [48] . We see that the development of sleep medicine in some countries is very advanced thinking about strategies where to go [49••, 50] and may be very basic with just having portable monitoring for sleep apnea available [48] . To reconsider the role of sleep medicine and to develop strategies for diagnostic procedures and therapy of patients under increased health risk [49] can be used for all countries and can help to identify and help all patients suffering from sleep-disordered breathing. In Germany we started a debate on different levels of sleep medicine service which would include different levels of medical expertise and correspondingly different levels of equipment complexity. Only few competence centers would have research, training, and all technical and knowledge competence [50] . Many community-based centers may have basic sleep medicine knowledge and just portable diagnostic tools.
The other issue is health economy and patient care. Still we do not know the threshold regarding sleep apnea severity: How many apneas, which duration of apnea events, how much sleep fragmentation, or which degree of hypoxia presents a substantial cardiovascular risk with increased mortality. Which increase in mortality will justify a treatment with CPAP or another life-long therapy? In view of limited therapy adherence how strict should we be with treatment follow-up studies? All diagnostic tests can be done easily with portable monitoring. And therefore the economic decisions are now key for the development of new strategies for the management of sleep apnea.
Patients may be diagnosed and even treated at home. One outcome study did show that the 4-week outcome in sleepiness and CPAP adherence is similar to sleep lab based diagnosis and treatment [51•] . A limitation of the study is that the follow-up was obtained after 4 weeks only and that patients still have a very high motivation after that short period [52] . Motivation to use CPAP may decline more at home. Still this needs to be studied.
Conclusions
Although attended cardiorespiratory polysomnography is the reference standard for the diagnosis of disordered breathing during sleep, evidence-based literature research has led to the conclusion that a diagnosis of obstructive sleep apnea can be performed using portable methods under certain conditions. The recording must consist of oxygen saturation, airflow, respiratory effort, heart or pulse rate and body position. It is not possible to distinguish central and obstructive respiratory events. Portable monitoring is reliable if it is performed under the supervision of personnel trained for sleep medicine and if the subjects investigated have a high pretest probability to suffer from sleepdisordered breathing. In addition the subjects investigated should not suffer from other sleep disorders and comorbid disorders such as heart failure, stroke, diabetes mellitus, obstructive or restrictive lung diseases, or severe cardiac arrhythmias.
Systems with fewer channels can give good indications for sleep-disordered breathing but are not sufficient for diagnostic purposes. It is expected that advances will push the border between "good indications to suffer" and "sufficient and reliable diagnosis" of disordered breathing during sleep more toward simpler systems and approaches. In order to prove the advanced usefulness of new technologies good clinical studies have to be published and these must have sufficient size and sufficient reference technology to compare with.
Technology advances need to be accompanied by economy-driven strategies to diagnose and treat patients with sleep apnea. Recent approaches to diagnose patients at home and even treat patients at home seem to provide similar effectiveness in terms of outcome as sleep laboratory based studies. Economically good home-based studies may be more feasible than sleep laboratory based studies when we consider the high prevalence of the disorders and the still unmet clinical needs to recognize and treat patients with sleep-disordered breathing.
